Mild oxidative stress is known to induce premature senescence, termed stress-induced premature senescence (SIPS), in normal human diploid cells. We investigated to determine whether mild oxidative stress would trigger SIPS in a human tumor cell line, human lung adenocarcinoma A549. The results showed that sublethal concentrations of H 2 O 2 induced SIPS in A549 cells and consequently attenuated, but did not completely eliminate, the tumorigenicity of these cells. We next investigated the reasons for this incomplete impairment of tumorigenicity in A549 cells in SIPS. The results suggested that H 2 O 2 -treated A549 cells are composed of a heterogeneous cell population: one is sensitive to H 2 O 2 , and the other is resistant or undergoes reversal; the latter reverted to their original tumorigenic form. The molecular mechanisms determining the cellular fate of tumor cells in SIPS should be identified in order to make use of SIPS and oncogene-induced senescence in tumor cells as methods of tumor suppression.
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Various human proliferative cells exposed in vitro to many types of subcytotoxic stresses, including H 2 O 2 , hyperoxia, and UV radiation, develop stress-induced premature senescence (SIPS). Among these stresses, SIPS induced by sublethal treatment with H 2 O 2 in human diploid fibroblasts has been extensively studied. 1) Researchers have found that this type of SIPS is induced independently of telomerase, 2) and that cells in SIPS exhibit cellular senescence markers, including senescent-morphological features, irreversible G1 cell cycle arrest, irreversible senescence-associated -galactosidase (SA--Gal) activity, increased expression of cell cycle marker genes, and differential expression of MAPK p38-target genes, 3, 4) which is likely to indicate cells in replicative senescence. 5, 6) We have found that transforming growth factor-1 (TGF-1), which is known to regulate the induction of several senescence markers in SIPS, 7) induces a cellular senescence-like state in human tumor cells. 8) Although it is known that several treatments, including chemotherapeutic drugs, radiation, and differentiation agents, can induce SIPS in tumor cells, it has not yet been established whether sublethal treatment with H 2 O 2 can induce SIPS in human tumor cells as well as in normal ones. Hence, in this study, we first attempted to clarify the SIPS-inducing ability of sublethal H 2 O 2 treatment of tumor cells.
Recently, senescence induced by oncogenes was found to reflect a natural surveillance mechanism embedded in cellular proliferative programs that protects against tumorigenesis. [9] [10] [11] [12] In this study, we attempted to detect changes in the tumorigenicity of tumor cells upon induction of SIPS by treatment with sublethal concentrations of H 2 O 2 .
Materials and Methods
Cell culture. A549 cells (JCRB0076; HSRRB, Osaka, Japan) and its sublines were cultured in eRDF medium (Kyokuto Pharmaceutical, Tokyo) supplemented with 5% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA) at 37 C in 5% CO 2 . TIG-1 cells (Institute of Development, Aging, and Cancer, Tohoku University, Miyagi) were cultured in MEM medium (Nissui, Tokyo, Japan) supplemented with 10% FBS at 37 C in 5% CO 2 . The cells were treated with 100 mM H 2 O 2 for 2 h and subsequently cultured in fresh medium.
SA--Gal assay. SA--Gal assay was performed according to the method described by Dimri et al. 13) Staining was carried out at 37 C for 12 h.
Immunoblot analysis. Cells were lysed in NP-40 lysis buffer (0.5% NP-40, 10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, 2 mM Na 3 VO 4 , 1 mM PMSF, and 5 mg/ml of aprotinin). Total protein (30 mg) was subjected to 10% SDS-PAGE and transferred to a PVDF membrane (Hybond-P; GE Healthcare, Buckinghamshire, UK). The membrane was then blocked with 5% skim milk/12 mM sodium phosphate, pH 7.2, 2.7 mM KCl, and 0.14 M NaCl solution (PBS) containing 0.1% Tween (T-PBS), followed by incubation with anti-p53 (Calbiochem, San Diego, CA), anti-p21 (Santa Cruz Biotech., Santa Cruz, CA), or anti-Rb (Cell Signaling, Beverly, MA). After incubation with sheep anti-mouse IgG-HRP conjugate (GE Healthcare), the proteins were immunodetected using the ECL Plus Western Blotting Detection System (GE Healthcare).
Colony-formation assay. Colony-formation assay was performed in soft agar. Cells (1 Â 10 4 ) suspended in culture medium containing 0.3% agar were seeded onto the top agar plate containing 0.6% agar, cells were cultured at 37 C for 12-15 d, and the number of visible colonies was counted.
Tumorigenicity assay. Four-week-old nude female mice (BALB/c nu/nu; Charles River, Wilmington, MA) were administered subcuta- 
Results

Mild oxidative stress triggered premature senescence in tumor cells
Mild oxidative stress induces cellular senescence in human diploid fibroblasts, which is termed stressinduced premature senescence (SIPS). We tested the ability of sublethal concentrations of H 2 O 2 to trigger premature senescence in tumor cells as well as in normal diploid cells. As shown in Fig. 1A , B, and C, growth arrest, morphological change into an enlarged and flattened shape, and SA--Gal activity were induced by treatment with 100 mM H 2 O 2 for 2 h in human adenocarcinoma A549 cells as well as in normal human diploid fibroblast TIG-1 cells. Further, TIG-1 cells and A549 cells exposed to mild oxidative stress showed augmented p21 expression and relatively decreased hyperphosphorylated pRb, although significant changes in p53 expression were not observed under the H 2 O 2 treatment in either type of cell (Fig. 1D ). All these indicate showed that H 2 O 2 induced cellular senescence in human tumor cells as well as in normal human cells.
attenuated tumorigenicity of tumor cells
We tested the tumorigenicity of A549 cells exposed to sublethal concentrations of H 2 O 2 . First we evaluated the in vitro tumorigenicity of H 2 O 2 -exposed A549 cells by colony-formation assay on a soft-agar plate. After A549 cells were exposed to 100 mM H 2 O 2 for 2 h, the cells were seeded onto a soft-agar plate and cultured for 12-15 d. As shown in Fig. 2A , the number and size of colonies of A549 cells formed on the soft-agar plate decreased upon treatment with H 2 O 2 , suggesting that H 2 O 2 attenuated the in vitro tumorigenicity of the A549 cells.
Next we evaluated the in vivo tumorigenicity of A549 cells exposed to H 2 O 2 in nude mice. After treatment of A549 cells with 100 mM H 2 O 2 for 2 h, the cells were subcutaneously injected into the backs of the mice. A total of 15 d after injection, tumor size was measured. The results indicated that tumor formation was strongly suppressed in mice injected with A549 cells treated with H 2 O 2 . However, although the tumor size was considerably smaller than in the control mice, measurable tumors formed in the mice injected with A549 cells exposed to H 2 O 2 (Fig. 2B) . These results suggest that the tumorigenicity of A549 cells was attenuated, but not completely lost, upon treatment with H 2 O 2 .
Tumorigenicity of A549 cells treated with H 2 O 2
We further investigated the tumorigenicity of A549 cells treated with H 2 O 2 . First, A549 cells were treated with 100 mM H 2 O 2 for 2 h, seeded onto soft-agar plates, and cultured in the absence of H 2 O 2 for 36 d. The number of visible colonies was counted at the times indicated. The results indicated that the number of colonies remained nearly constant during culture (Fig. 3A) . We then investigated the effect of recovery culture of H 2 O 2 -treated A549 cells for the indicated periods in the absence of H 2 O 2 on colony-formation ability. The results indicated that the number of colonies increased with the period of recovery culture (Fig. 3B ). All these results suggest that H 2 O 2 -treated A549 cells are composed of a heterogeneous cell population, and that they contain cells resistant to H 2 O 2 , and/or that the senescence phenotypes induced by H 2 O 2 in A549 cells are reversible. As Fig. 3B shows, some H 2 O 2 -treated Growth curves for TIG-1 cells (A) and A549 cells (B) that were ( ) or were not ( ) exposed to 100 mM H 2 O 2 for 2 h. C, SA--Gal activity in TIG-1 cells and in A549 cells that were or were not treated with 100 mM H 2 O 2 for 2 h. D, Total amounts of the indicated proteins were determined by western blotting of lysates from H 2 O 2 -treated TIG-1 and A549 cells. A549 cells were resistant or underwent reversal during recovery culture in normal medium; however, these cells did not propagate on soft-agar plates (Fig. 3A) .
Cell population derived from A549 cells treated with H 2 O 2
To further characterize the tumorigenicity phenotypes, we cloned two types of cells from H 2 O 2 -treated A549 cells using a cloning cylinder. One type consisted of enlarged, flattened cells, which were thought to be H 2 O 2 sensitive (Fig. 4A, A549S ). A549S cells were cloned 1 week after treatment. The other type included round cells, which propagated after long-term recovery culture of the H 2 O 2 -treated cells (Fig. 4A, A549R ). A549R cells were cloned 3 weeks after treatment. We then tested for the tumorigenicity of these cells, as described above. As shown in Fig. 4B , the A549R cells showed high tumorigenicity, comparable to that of A549 cells, as evidenced by the colony-formation assay. Further, the A549R cells reduced in tumorigenicity, but formed tumors, as evidenced by the tumorigenicity assay using nude mice. In contrast, the A549S cells demonstrated reduced colony-formation ability and complete lack of tumorigenicity in the nude mice, indicating that the tumorigenicity of the A549R cells differed significantly from that of the A549S cells, and that the H 2 O 2 -sensitive phenotype of A549S cells was maintained in the long-term culture. Thus all these results suggest that the A549 cells included two types of cell populations: A549S cells and A549R cells. Since the number of colonies increased depending on the length of the recovery culture (Fig. 3B) , A549R cells outnumber A549S cells in long-term recovery cultures in normal media.
Discussion
Sublethal oxidative stress is widely known to induce SIPS in normal human diploid fibroblasts. 1) In this study, we investigated to determine whether sublethal oxidative stress would induce cellular senescence in human lung adenocarcinoma A549 cells as well as normal cells, and whether the tumorigenicity of the tumor cells would change after induction of SIPS. Cellular senescence limits the replicative capacity of cells, thus preventing the proliferation of cells that are at different stages of malignancy. The recent body of evidence suggests that induction of senescence can be exploited as a basis for cancer therapy. As shown in the results, H 2 O 2 apparently triggered SIPS in most A549 cells, but in the long-term culture, H 2 O 2 -treated A549 cells were found to be of two types: one sensitive to H 2 O 2 (A549S cells) and the other resistant or undergoing reversal (A549R cells). Although we could not precisely deduce the reasons, autonomous and microenvironmental factors might have been responsible for the existence of A549R cells among A549 cells in SIPS. Thus, factors such as the intrinsic ability of specific cells to buffer oxidative stress ultimately determine reversibility after oxidative stress. Further, very little is known about the molecular machinery that drives cells into an irreversible senescent state. Some authors distinguish two types of senescence-like arrests: a reversible one mediated by p53 and an irreversible one mediated by the concomitant actions of the INK4a/Rb and p53 pathways. 15) Thus the occurrence of A549R cells is partly explained by the fact that A549 cells and sublines contain almost the same levels of wild-type p53, pRb (Fig. 1D) , and homozygous deletions of INK4a. 16, 17) Further, some unidentified factors might compensate for the INK4a loss and irreversibly induce SIPS in A549S cells. A, Cell morphologies of A549, A549R, and A549S cells. B, Colony-formation abilities of A549R and A549S cells were tested as described above. Independent experiments were done 3 times, and representative results are shown. C, The tumorigenicity of A549R and A549S cells was tested using nude mice, as described above. Seventeen days after injection, the tumor size was measured. Tukey's all-pairwise comparison test was used to identify differences between A549, A549R, and A549S results. Differences at P < 0:01 were considered significant. Representative results are shown (tumor size:
ÃÃÃ , >1:0 cm 2 ; ÃÃ , >0:5 cm 2 ).
